C aloric demand is projected to increase 70% by the year 2050 due to a rapidly growing population, and to meet these demands, agricultural greenhouse gas (GHG) emissions are likely to increase to a level that surpasses 70% of the total allowable budget of emissions from all humaninduced activities (Adhya et al., 2014) . If agricultural GHG emissions grow at this rate, it would seem unlikely that total GHG emissions could be held within the acceptable global limit because meeting the estimated increase in food demand would leave little room for GHG emissions growth in other sectors. In fact, agricultural GHG emissions would have to decline by approximately 60% from current levels to reduce GHG emissions by the same proportion as other sources in meeting the generally recognized target of limiting global warming to just 2°C (Adhya et al., 2014) . Consequently, consumers, producers, and governments are increasingly demanding or attempting to regulate GHG emissions from the production of agricultural goods. Compounding this food-GHG issue is the fact that rice (Oryza sativa L.) is a major source of global atmospheric methane (CH 4 ) emissions, while also being a global staple food and providing the primary source of calories for more than 50% of the world's population (International Rice Research Institute, 2012) . Given the projected increase in the world's population, rice will continue to play an important nutritional role in many countries experiencing rapid population growth, which consequently means rice management could have significant implications for sources of methane emissions (Searchinger et al., 2013) .
Continuously flooded rice production, which is the predominant production practice in the United States, has been specifically identified as a significant source of global atmospheric CH 4 emissions (Linquist et al., 2012) . Continuously flooded rice production accounts for 11% of total agricultural CH 4 emissions in the United States, ranking third behind enteric fermentation and manure management (Rosegrant et al., 2008; USEPA, 2014) . Soils generate CH 4 when microorganisms decompose organic matter under anaerobic conditions. However, aerobic methanotrophic bacteria in the soil oxidize most of the CH 4 produced. As a result, only about 30% of the CH 4 produced is actually emitted into the atmosphere, which
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AbstrAct
Commercial rice (Oryza sativa L.) buyers and a growing consumer market for sustainable agricultural products are driving agriculture to be more conscious about production practices and associated environmental effects, such as greenhouse gas emissions. Globally rice production has been identified as a significant source of atmospheric methane (CH 4 ) emissions. This study extends current knowledge by using a procedure to quantify spatial differences in CH 4 emissions as well as CH 4 efficiency levels (kg rice [kg CH 4 -C] -1 ) across the mid-southern United States, where over 75% of all US rice is produced. This study focuses on existing rice production practices that are known to directly affect CH 4 emissions: variety selection, crop rotation, and soil texture. Historical data on varietal selection, crop rotations, and soil texture were used to estimate CH 4 emissions from 2005 through 2014. Results showed that rice produced on clay-textured soils with a rice-soybean rotation sown with a hybrid variety has the largest CH 4 emissions efficiency among the management practice combinations evaluated. Results also demonstrated that any deviation from this optimal combination cannot be mitigated through realistic increases in yields, as it would take a 177% increase in yield for the hybridclay-rice to achieve the same efficiency as the hybrid-clay-soybean [Glycine max (L.) Merr.] combination. Results of this study provide commercial rice buyers, producers, and consumers with critical information regarding the drivers of spatial variations in sustainable rice production. Furthermore, these results give insights to producers and policymakers regarding which production practices and locations could benefit from increased demand for sustainable products and more restrictive environmental policies. mainly occurs through the rice plant itself via air bubbles from the soil and/or molecular diffusion (Wang et al., 2013) .
Given that the global rice market is traded narrowly, one concern about imposing either voluntary or mandatory environmental regulations on rice production in high-income, riceproducing countries is the threat of decreasing the global rice supply. While the United States is a small, global contributor in terms of rice production and consumption, the United States is the third largest rice exporter in the world (Bennett, 2010) . Consequently, while consumer demand for more sustainable agricultural production practices grows stronger in high-income countries like the United States, any shock to the US rice supply could result in a ripple effect with respect to global food security. These supply and subsequent price shocks can have large impacts on low-income rice consumers because rice provides 21% of global human per capita caloric energy and 15% of per capita protein (International Rice Research Institute, 2013) .
In high-income countries, increased consumer demand for food products with lower GHG emissions have prompted rowcrop producers to consider production practices associated with lower GHG emissions. In addition, producers face increasing demand, and in some cases, requirements from private industry to reduce GHG emissions associated with crop production. For instance, in 2016 the international corporation Wal-Mart announced a potential plan to label products with a sustainability rating, and subsequently requested that every Wal-Mart supplier provide its product's GHG footprint, a direct measure of the climatic impact associated with creating the product (Wal-Mart Stores Inc., 2016) . In response to these commercial pressures, agricultural producers and processors have sought to increase production efficiency with respect to GHG emissions. As a result, American rice producers and large-scale purchasers of US rice have sought ways to identify production locations and production practices with greater GHG emissions efficiencies to maintain or expand market shares of sustainable rice. Moreover, producers and the entire rice industry are looking for ways to increase GHG emissions efficiencies to stay ahead of any mandated government reductions in GHG emissions.
Previous studies have shown that relatively seamless changes in production could be made to decrease CH 4 emissions. Methane emissions from flooded rice cultivation are affected by numerous soil and plant properties, particularly soil texture and soil management practices Sass and Fisher, 1997; Sass et al., 1994) , previous crop , and variety type, i.e., conventional pure-line breeds vs. hybrid (Huang et al.,1997; Lindau et al., 1995; Ma et al., 2010; Rogers et al., 2014; Sigren et al., 1997) , among other factors within production systems (USEPA, 2014). Thus, producers have a variety of potential options as a means of lowering CH 4 emissions that include these three options: (i) change the variety (hybrid vs. conventional) of rice grown, (ii) change the location on the farm where rice is grown if soil textures vary across the farm, and (iii) change the crop rotation. Using field experiments, Brye et al. (2016) reported that silt-loam soils emitted 211% more CH 4 than claytextured soils; conventional pure-line varieties accounted for 55 to 70% more CH 4 emissions than hybrid varieties; and a soybean [Glycine max (L.) Merr.]-rice rotation produced 58% less CH 4 emissions than a rice-rice rotation. Though breeding selection for low CH 4 emissions has not been realized yet, the choice to plant a hybrid instead of a pure-line variety is one of the easiest a rice producer could make to impact greenhouse gas emissions.
This study estimates relationships between CH 4 emissions and variety type, crop rotation, and soil texture and systematically applies these relationships to county and crop reporting districts (CRD) to ascertain spatial differences in CH 4 emissions across rice-growing regions within the mid-southern United States. To our knowledge, no such extrapolation has been previously conducted. This study fills the knowledge gap by implementing a robust procedure for estimating total CH 4 and CH 4 -emissions efficiency emissions by CRD in Arkansas, Louisiana, and Mississippi based on historic, county-level rice variety (hybrid vs. conventional pure-line) planting, crop rotation, soil surface texture, and yield data from 2005 through 2014.
County/parish-level GHG emissions were aggregated to the CRD level because rice mills typically do not source rice from only one county/parish, but rather a number of nearby counties/parishes. Consequently, results of this study will give rice buyers, processors, consumers, and policymakers an indication of the spatial variability in CH 4 emissions from rice production at the CRD level. Specifically, results of this study will give rice buyers the ability to source rice from more sustainable areas and provide policymakers information on spatial variations in CH 4 emissions for potential taxation or capping of GHG emissions at a regional or state scale. In addition, to the best of our knowledge, this study is the first attempt to quantify CH 4 emissions from rice production at the county and CRD level in the mid-southern United States. Thus, with few modifications, the procedure presented in this study can be used to estimate GHG emissions from other field crops and locations. Moreover, the modeling results on CH 4 -emissions efficiency can be compared to simple "rule of thumb" heuristics about where to source sustainable rice. For example, if soil texture is determined to be the largest driver in determining CH 4 efficiency through the modeling procedure put forth in this study, then rice buyers may simply source rice produced on a specific soil texture and forgo further CH 4 considerations. Furthermore, if soil texture and crop rotation in combination are determined to be large drivers of efficiency, this would be beneficial to buyers of sustainable rice due to the fixed nature of soil texture and the ease of monitoring the previous crop grown on a parcel of land. Therefore, this study's goal is to first model spatial differences between CH 4 -emissions efficiencies in rice by CRD and then develop recommendations for large rice buyers to source sustainable rice without the need of intensive data collection and modeling efforts, which are both costly and time consuming. Lastly, we explore what the increase in yield would need to be for a deviation from the CH 4 -emissions efficiency based on the optimal soil texture-crop rotation-variety combination. For example, if a rice buyer was to compare two rice producers, who were growing rice under differing soil texturecrop rotation-variety combinations, what would the rice yield have to be for the producer with greater CH 4 emissions to have an equivalent CH 4 -emissions efficiency (i.e., kg rice [kg CH 4 -C] -1 ) as the lower-emissions producer. These equivalencies would provide buyers the metrics necessary to fairly compare producers across the mid-southern United States who use different production practices and have varying yields.
MAteriALs And MetHOds
Methane emissions from rice production were estimated from 2005 through 2014 for each of the historical 96 rice-growing counties/parishes in Arkansas, Louisiana, and Mississippi using a two-step approach, which is consistent with an approach used by the Intergovernmental Panel on Climate Change (IPCC, 2006) . First, CH 4 emissions data from four field research studies conducted at two locations over a 2-yr period Brye et al., 2013; Smartt et al., 2016a Smartt et al., , 2016b were used to estimate a regression model to predict CH 4 emissions as a function of rice variety (hybrid vs. conventional pure-line), soil texture (loamy vs. clayey), and crop rotation (rice-rice vs. soybean-rice). In the second step, described below, CH 4 emissions are estimated annually for each county, CRD, and state as a function of aggregate values from direct CH 4 emissions measurements for variety-soil texture-crop rotation combinations. Though nitrous oxide (N 2 O) is also a recognized, potent GHG, there are insufficient season-long N 2 O emissions datasets from rice grown in Arkansas, Louisiana, and Mississippi to match those for CH 4 . Consequently, CH 4 was the only GHG considered for this study.
The field research was conducted in 2012 and 2013 at the University of Arkansas System, Division of Agriculture Rice Research and Extension Center (RREC) near Stuttgart, AR, on a Dewitt silt loam (fine, smectitic, thermic Typic Albaqualfs) and at the Northeast Research and Extension Center (NEREC) at Keiser, AR, on a Sharkey clay (very-fine, smectitic, thermic Chromic Epiaquerts). At both locations, the study areas had previously been managed under a rice-soybean rotation from 1997 to 2011. In 2012, at the RREC and NEREC, four replications of the conventional pure-line variety Taggart were sown following soybean as the previous crop Smartt et al., 2016b) . In 2013, four replications of Taggart, the conventional pure-line variety Cheniere, and the hybrid variety CLXL745 were sown following rice or soybean as the previous crop (Smartt et al., 2016a) . In 2013, at the RREC, four replications of the conventional varieties Taggart and Cheniere and the hybrid variety CLXL745 were sown following rice or soybean as the previous crop . Every year at each location, plots were outfitted with a 30-cm diameter, enclosed-headspace gas sampling chamber assemblage ( Fig. 1 ) to measure CH 4 emissions over a 1-h measurement period . In addition, all rice in field plots for direct emissions evaluation were grown under a continuous, full-season-flood water management scheme with only optimal N fertilization and no organic soil amendment additions. A total of 76 plot-scale field observations were included in this study to develop the initial regression model (Table 1) .
This experimental design allowed for a direct comparison of the effects of soil texture, variety type, and preceding cropcrop rotation on CH 4 emissions. Furthermore, previous studies Rogers et al., 2013 Rogers et al., , 2014 Smartt et al., 2016a Smartt et al., , 2016b have quantified the proportion of CH 4 emissions by independently altering each factor mentioned above while holding the other two constant, leading to potentially biased estimates. The goal of the first step in this analysis was to simultaneously estimate the impacts of soil texture, variety, and preceding crop on CH 4 emissions.
Using the data summarized in Brye et al. (2016) , CH 4 emissions were modeled as a function of common practices used in rice production in the mid-southern United States.
The statistical model used was a three-way analysis of variance (ANOVA) model incorporating both second-and third-order interactions. Because each of the three factors-variety, soil, and rotation-only take on two possible values, the regression model requires eight coefficient estimates. This model (Eq. [1]) is written algebraically as:
where Y ipst was the CH 4 emissions (kg CH 4 -C ha -1 ) for variety i, under crop rotation p grown on soil with texture s in year t. The variable X ipst is a categorical variable formed by the combination of soil texture (i.e., clayey or loamy), variety type (i.e., conventional or hybrid), and crop rotation (i.e., rice-rice or soybean-rice). Due to the lack of sufficient degrees of freedom, both conventional varieties for which field data were available were analyzed in combination as conventional varieties and not as specific varieties. This approach allowed for the evaluation of eight treatment combinations: (i) conventional variety grown on clay soil following a rice-rice rotation, (ii) conventional variety grown on clay soil following a soybean-rice rotation, (iii) conventional variety grown on loamy soil following a rice-rice rotation, (iv) conventional variety grown on loamy soil following a soybean-rice rotation, (v) hybrid variety grown on clay soil following a rice-rice rotation, (vi) hybrid variety grown on clay soil following a soybean-rice rotation, (vii) hybrid variety grown on loamy soil following a rice-rice rotation, and (viii) hybrid variety grown on loamy soil following a soybean-rice rotation. The error term was assumed independent of soil, variety, and rotation effects. By omitting the conventional-clay-rice category only in X ipst in Eq. [1], the parameter α 0 served as the emissions factor for the omitted category. Furthermore, the seven α ips parameters were the marginal differences between the omitted category and the category for which α ips was estimated. Thus, the emissions factor for a combination not omitted was given by the summation of α 0 and the appropriate component of α ips . As noted in Tack et al. (2015) , our inability to control for weather effects could bias the parameter estimates for each of the above eight combinations. In estimating the Eq. [1] model in an ANOVA framework, the null hypothesis of no two-or three-way interactions was rejected at p < 0.01. Thus, estimation of kg CH 4 -C ha -1 Fig. 1 . Enclosed-headspace chamber, 30 cm in diameter, that was used for all gas sampling in field plots.
without all three factors (soil texture, crop rotation, rice type) could lead to biased estimates. Ideally, direct CH 4 emissions measurements from each of the eight combinations would have been obtained from field plots in each of the 96 counties/parishes. However, this would be impractical and cost-prohibitive, thus necessitating extrapolation from direct measurements.
In the second step of this analysis, the parameter estimates from Eq. [1] were applied to the 96 rice-growing counties/parishes in Arkansas, Louisiana, and Mississippi to simulate their respective annual CH 4 emissions from 2005 through 2014. The extrapolated CH 4 emissions for each county were obtained by computing CH 4 emissions for the eight possible combinations of soil texture (loamy vs. clayey soils), variety (hybrid vs. conventional rice), and preceding crop (rice-rice vs. rice-soybean rotation) and then multiplying the estimated CH 4 emissions by their respective estimated planted rice area within a given county/parish.
There are no sufficiently detailed reports for the actual planted rice area by variety, soil texture, and crop rotation on an annual basis. While percentages of hybrid and conventional varieties were known from annual planting histories and percentages of clay and loamy soils were known from soil maps, the percentage of a given variety planted on a given soil texture was not known. Consequently, there were no reliable state-level records of the percentage of each rice variety that was planted on each soil texture, which also applied to crop rotation. (To circumvent this shortcoming, a "historical" proportion assumption was made regarding the distribution of the eight combinations across the rice land area in a county/parish.) Namely, the proportions of planted area on a given soil texture (or variety or rotation) had to be identical to the observed proportion(s). Furthermore, the area proportions were formed assuming the probability of a given soil texture, rotation, or variety were independent. To illustrate, consider Clay County, Arkansas for 2014, which had the following area proportions in the three groupings: 84.3% loamy and 15.7% clayey soil, 34.8% hybrid and 65.2% conventional varieties, and 22.9% rice-rice and 77.1% rice-soybean rotations. Next, the proportions of planted rice area for a given combination were then computed by multiplying the proportions of the three groupings for that combination. For example, for a conventional variety grown on clay soil following a rice-rice rotation, 65.21% × 15.74% × 22.95% = 2.36%; for a hybrid variety grown on loamy soil following a soybean-rice rotation, 34.79% × 84.26% × 77.05% = 22.59%; and so on for the six other combinations of soil texture, crop rotation, and variety.
Data on the historical land area seeded to hybrid and conventional rice varieties at the county level were collected from various annual publications of the Proceedings of the Rice Technical Working Group (Rice Technical Working Group, 2004 . The area mapped to the various soil textures in each county/parish was obtained from the Web Soil Survey (USDA, 2015a). If the soil surface texture in a country/parish was dominantly silty clay or clay (i.e., >40% clay), then the texture category for the whole county/parish was assigned as clayey, whereas if the soil surface texture in a country/parish was dominantly silt loam, loam, clay loam, or silty clay loam (i.e., < 40% clay), then the texture category for the whole county/parish was assigned as loamy. These textural thresholds matched those associated with the direct field observations used to develop the regression models.
Data on crop rotations were sourced by direct communication with agricultural extension agents throughout Arkansas, Louisiana, and Mississippi because comprehensive data on crop rotations by year by county/parish do not currently exist. Due to data limitations, based on county-level extension agent information for each year from 2005 to 2014, 77 and 100% of all rice in Arkansas and Mississippi, respectively, were assumed to be grown under a rice-soybean rotation. For Louisiana, rotation practices varied by year and parish (LSU Ag Center, 2017) .
Variety data for 2014 were problematic. Data on the historical areas seeded to hybrid and conventional rice varieties in Arkansas and Louisiana were obtained from the Rice Technical Working Group (2004 Group ( -2014 . In contrast, Mississippi seeding reports denoted only a state-aggregate level of hybrid adoption of 38% in 2014, with no county-level reporting. Consequently, actual hybrid adoption was used from 2005-2013 and it was assumed that each county in Mississippi had 38% hybrid adoption for 2014.
Uncertainties
The predictions of CH 4 emissions by county/parish were confounded by several uncertainties, such as knowing the actual values of the parameters estimated in Eq. [1] and the impact of all omitted factors as represented by the error term. Additionally, the applicability of the model's predictions to all counties/parishes in the mid-south is unknown, since growing conditions and production practices vary, as well as the contemporaneous correlation of the error terms across counties. Consequently, the latter two sources of uncertainty are not incorporated into the computations associated with this analysis. However, to address uncertainties about the values of the parameters estimated by Eq.
[1], Monte Carlo simulations were used for each county/parish to get a distribution of likely outcomes.
Since the regression parameters from Eq.
[1] were based on actual, direct, field-measured data, the predictions for 2005 through 2014 are averages. Thus, in each of the Monte Carlo iterations, a vector of emissions factors (i.e., the α parameters estimated in Eq. [1]) was drawn, assuming normality-with the mean and standard deviation equal to the estimated emissions factors and their standard error (see Table 2 ), respectively-and using the covariance matrix of the estimated emissions factors. Including the covariance matrix preserves the correlation among the eight management practice combinations in each simulation.
The average of the simulated outcomes for each year between 2005 and 2014 was computed for analysis because a drawback to examining only 1 yr was that yields, planted areas, and allocations between varieties, soil textures, and rotations were fixed to observations for that year, which can be driven by climatic factors and market forces. To obtain a more robust estimate of average, annual emissions, and emissions per kilogram of rice (i.e., efficiency), 10 yr of data (i.e., 2005-2014) for seeded rice area, varietal distribution, and yield were used to determine means and variances of these three factors at the county/parish level for each of the 96 counties/parishes. For a given county/ parish, uncorrelated, randomly drawn observations of yield, planted area, and variety proportion were generated for each year of the simulation period between 2005 and 2014.
The randomness in seeded rice area and hybrid adoption reflects the variation in factors, such as market conditions, agricultural research, hybrid rice seed price/availability, and extension services, which could influence producers' decisions on seeded rice area and varietal adoption (hybrid vs. pure-line). Furthermore, the randomness in rice yields reflects climatic variations as well as advances in research and available inputs that could affect rice yields. Thus, in each Monte Carlo iteration, a vector containing the seeded rice area, varietal adoption, and yield was drawn for each county/parish in each year assuming normality, with the mean and standard deviation equal to that of their observed values from 2005 through 2014. For each county/parish and year, the CH 4 emissions for each of the eight management practice combinations were computed for a given random draw on the stochastic factors and weighted by planted area as discussed earlier.
For the average annual CH 4 emissions from 2005 through 2014, the simulated CH 4 emissions ( jT  e ) for the primary rice crop in the j-th county/parish were represented as:
where  jips h is the annual average simulated rice area seeded to variety i, under crop rotation p, and grown on soil texture s, computed as the simulated combinations' land proportion multiplied by the simulated total observed seeded rice area from 2005 through 2014. The variables ips a  and 0  a are the simulated emissions factors based on the parameter estimates from Eq. [1].
Previous research suggested that a ratoon rice crop generates CH 4 at a considerably greater rate than does the primary rice crop (Wang et al., 2013) , where ratoon crops are second crops produced from regrowth of the stubble remaining after the harvest of the first, primary rice crop. The greater CH 4 emissions from ratoon rice crops occur because the soil has already been under anaerobic conditions for an extended period throughout the primary rice crop, thus little additional time is required after primary crop harvest to re-achieve the anaerobic conditions necessary to produce CH 4 .
In the United States, the majority of the ratoon cropping area is located in Texas and southwest Louisiana (USEPA, 2015), which have climatic conditions that are generally warm enough to extend the growing season for a second rice crop. The USEPA (2015) Finally, the National Agricultural Statistics Service (NASS) reports (USDA, 2015b) total rice production (kg), including ratoon rice, for each of the 96 counties/parishes. The CH 4 emissions efficiency from rice production, defined as the kg of rice produced divided by CH 4 emissions in carbon equivalence (CH 4 -C), were calculated as: Since rice mills often source from various locations within a state, state averages decrease the need for a potential rice buyer to determine the county of origin. Furthermore, counties were aggregated to CRDs in an effort to highlight regional differences within a state, which implicitly would assume a mill sources only from counties in its CRD. The mean and standard deviation of the CRD-aggregated simulations were then used in a pairwise t test to determine statistical differences in CH 4 emissions efficiency across CRDs. The analysis and simulation were conducted in Microsoft Excel 2016 using the add-in @RISK version 7.5.
resULts And discUssiOn Similar to Brye et al. (2016) , regression estimates from Eq. [1] show that 90% of the variation in CH 4 emissions, reported as CH 4 -C, is explained by the eight management practice combinations of soil texture, variety type (hybrid vs. conventional pure-line), and crop rotation ( Table 2 ). The regression model results indicate that the driving factor for CH 4 -C emissions is soil texture, with loamy soils emitting 815% more CH 4 -C than clayey soils. The next largest determinant of CH 4 -C emissions variation was rice variety, with the conventional pureline varieties emitting 49% more CH 4 -C than the hybrid, as hybrid varieties tend to have greater CH 4 oxidation potential in the rhizosphere, but also greater yields, compared to pure-line varieties (Ma et al., 2010; Rogers et al., 2014) . Though there are many hybrid varieties, which tend to be popular for only a couple years before being replaced, Smartt et al. (2018) reported similar CH 4 emissions from three hybrids that were all lower than from a pure-line variety grown on a clay soil. The rice-rice rotation emitted 38% more CH 4 -C than the rice-soybean rotation. 1 Thus, hybrid rice grown on clayey soils after soybean had the lowest season-long CH 4 -C emissions (5.8 kg CH 4 -C ha -1 ), while conventional pure-line rice grown on loamy soil after rice had the largest CH 4 emissions (182 kg CH 4 -C ha -1 ). The estimates presented in Brye et al. (2016) are similar to those presented in this study when converted to percentage changes. It should be noted that only one hybrid and two conventional pure-line varieties were analyzed, which may not be representative of a comparison of all hybrids to all conventional pure-line varieties. However, these results are in line with previous reports that hybrids have greater yield potential, a shorter duration to 50% heading (5-9 d) during the greatest CH 4 emissions growth phase, and a larger harvest index than pure-line varieties (Nalley et al., 2014) . Consequently, the combination of greater yields, a larger harvest index, and a shorter vegetative period would suggest that hybrid rice varieties would likely have a greater CH 4 efficiency than conventional pure-line varieties.
Although useful for basic comparisons, state-level estimates offer little from a pragmatic standpoint for sourcing rice, because heterogeneity within a state is potentially too large to make informed buying decisions. Most rice mills will source rice from a group of surrounding counties, and as such, the CH 4 -C emissions efficiencies (  * jT qe ) presented in this study are aggregated from counties to the CRD and state levels, thus providing a more realistic sourcing scenario. The 10-yr (2005-2014) average (Table 3 ) provides a holistic representation of CH 4 -C emissions efficiency since rice yields are a function of climatic variables, which were not controlled for in this study.
The top four CRDs with the largest CH 4 -C efficiencies were the Upper and Lower Delta districts in Mississippi, the Southeast district in Arkansas, and the East Central district in Louisiana (Table 3) . Rice yields also played a large role in relative CH 4 -C efficiency, because areas with greater yields could potentially offset greater CH 4 -C emissions. Crop reporting districts with yields greater than 20.4 Mg ha -1 (i.e., the average rice yield for the entire mid-southern United States for 2014) included Northeast, Southeast, and East Central districts in Arkansas; Lower Delta and Upper Delta districts in Mississippi; and Central, Northeast, Southwest, and South Central districts in Louisiana (Table 3 ). The largest contributors to CH 4 -C emissions in the study, soil texture and crop rotations, remained constant across time. Hybrid adoption and yield varied with 1 The estimated percentage change for loamy soils, conventional varieties, and rice-rice rotation over their respective base categories are computed as the percentage change of the sum of the four combinations with a given effect divided by the sum of the coefficients without the given effect. For example, the estimated CH 4 emissions for the four loamy combinations was summed and the percent change from the sum of the four combinations with clay soils was computed. Also note that the estimated percentage change for the same effects are different from those in Brye et al. (2016) due to differences in model specifications; Brye et al. (2016) used a three-way fixed effects model without interaction for crop rotation, variety, and soil texture, while this study used a three-way model with interaction of crop rotation, variety, and soil texture. In addition, Brye et al. (2016) controlled for weather and year, while this study did not. Table 3 ). The average CH 4 -C efficiency aggregated at the state level indicated that, in terms of their relative CH 4 -C efficiencies, Mississippi and Arkansas were 119 and 374% more efficient than Louisiana, respectively. Louisiana was negatively affected in terms of CH 4 -C efficiency by its relatively large ratoon crop, which accounted for 94% of all ratoon cropping in the mid-southern United States, i.e., Arkansas, Louisiana, and Mississippi (USEPA, 2015) .
The efficiency of CH 4 emissions differed across CRDs in Arkansas, Louisiana, and Mississippi, which could give rice buyers the ability to source rice from more sustainable areas and provide policymakers information for potential taxation or capping of GHG emissions. At the CRD level, there were significant differences (p < 0.05) in CH 4 emissions efficiency among nearly all CRDs (Table 3) . The Upper and Lower Mississippi River Delta districts in Mississippi had the largest CH 4 efficiency at 439 and 463 kg rice [kg CH 4 -C] -1 , respectively (Table 3) . This was primarily driven by the fact that these districts have large proportions of clayey compared to loamy soils, soybean-rice as the most frequent rotation, and relatively large rice yields. However, three caveats should be noted when analyzing these results.
First, both of the Mississippi districts produce a small amount of rice relative to other CRDs in the mid-southern United States. To highlight this, the third largest CRD in terms of CH 4 -C efficiency was the Southeastern district in Arkansas, which produced more rice than the entire state of Mississippi. Second, crop rotation and hybrid adoption data for Mississippi were not as robust or available as those for Arkansas and Louisiana, and, as such, Mississippi had the lower estimated CH 4 -C emissions due to the assumption that all planted area was under a soybean-rice rotation. For Arkansas and Louisiana, detailed annual county-level/parish-level data were available, specifically for hybrid adoption, while Mississippi only had an aggregated, state-level adoption percentage. Third, in 2014, NASS reported that 50% of Mississippi counties had identical rice yields (USDA, 2015b) . This confounding report is a consequence of the low number of rice producers in given counties and the requirement that NASS must keep the data of individual producers anonymous. Consequently, in counties where there are few rice producers, the CRD average rather than the county average tends to be reported. These factors suggest less precision in the Mississippi emissions efficiency estimates, despite being derived from data with the greatest resolution available, but also suggest that comparisons between Arkansas and Louisiana are more accurate given that estimates were derived from data at the same resolution.
recommendations for procuring sustainable rice
While large rice mills may want to source rice from counties or even CRDs, food manufacturers may want to source from individual producers. As such, several recommendations can be offered to compare individual rice farms with varying crop rotation, variety type, soil textures, and yields so that comparisons across farms can be made in terms of CH 4 efficiencies. Methane emissions efficiencies associated with the various rice variety-soil texture-crop rotation combinations can be derived using the experimental data to obtain the estimates in Table  2 . Yields and CH 4 emissions were directly measured on more than 70 field plots so that efficiencies could be readily computed to represent field-measured results. In these computations, the total plot yield for a given management practice combination was summed and divided by the total plot-scale methane emissions. In Table 4 , the estimated CH 4 emissions efficiencies are reported for each management practice combination. In addition, the percentages by which yields would have to increase, ceteris paribus, to equal the most efficient combination are also reported. The most efficient management practice combination was the hybrid-clay-soybean combination, with an efficiency of 1715 kg rice [kg CH 4 -C] -1 . The next best combination was the hybrid-clay-rice combination at 619 kg rice [kg CH 4 -C] -1 . Thus, yields would have to increase, ceteris paribus, by 177% for the hybrid-clay-rice to achieve the same efficiency as the hybrid-clay-soybean management practice combination, which is an unrealistic yield increase given today's technology. This argument becomes even stronger as less efficient management practice combinations are compared with the hybrid-clay-soybean combination. The policy implication is clear that environmentally friendly rice must be sourced from hybrid varieties sown on clay soils after a soybean crop. Using the estimates in Table 4 , the management practice factors that are the most important in terms of reducing GHG efficiencies can be further discerned. To accomplish this, three different sets of four efficiency ratios can be computed. Within any set, only the factor of interest is varied. For example, to identify the impact of soil texture, the ratio of hybrid-clay-soybean to hybrid-loamy-soybean efficiency was calculated to obtain a ratio of 26.6, indicating sowing clay soils with hybrid varieties in a soybean-rice rotation is 26.6 times more efficient than the same variety and rotation on loamy soils. The most important implication summarized on Table 4 is that the largest efficiency gains come from soil texture. While variety and rotation effects are important, they are relatively modest compared to the effect of the soil texture in which the rice is grown. However, of practical importance to note, soil texture is not a readily alterable characteristic of rice production that an individual producer can change.
cOncLUsiOns Commercial buyers and a growing consumer desire for sustainable products are driving the domestic rice market to be more conscious about production practices and associated GHG emissions. Flooded-rice production accounts for 11% of the total agricultural CH 4 -C emissions in the United States, thus a modification of production practices could substantially reduce GHG emissions. This research estimated how CH 4 -C emissions due to rice production are distributed across the midsouthern rice-producing states and then related the distributions due to previous crop/crop rotation, rice variety, and soil texture. The cost associated with direct, in-field CH 4 -C measurements at a county/parish level is prohibitive. Consequently, to obtain a county-level (or CRD) distribution estimation, models based on direct, in-field measurements of growing-season-long CH 4 emissions were extrapolated to 96 counties/parishes. Results of this study enhance knowledge on drivers of CH 4 emissions by simultaneously estimating the effects of crop rotation, rice type (hybrid vs. pure-line), and soil texture. Without explicitly assessing the simultaneous interaction between known variables affecting CH 4 emissions, previous estimates may be subject to omitted-variable bias, which could provide biased estimates of the effects of each individual component on CH 4 emissions.
To our knowledge, no previous study has directly applied an empirical process to estimate CH 4 emissions and efficiencies for rice production at a county, CRD, or state level in a systematic, comprehensive manner. Many studies have analyzed the impacts of various rice-production practices on CH 4 emissions, but none have extrapolated impacts to large growing regions as accomplished in this study. Moreover, this is the first study to examine the relative magnitudes of emission differences among soil texture, crop rotation, variety type, and ratoon cropping simultaneously in the same study. While in-depth modeling is not currently feasible for every rice hectare in the United States, the model results from this study support one rule of thumb for sustainable rice buyers: focus on non-ratooncropped rice produced on clay soils following a soybean crop. The need for this information is growing given projected future population increases and climate change.
